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1.0 SUMMARY 


This report describes the procedures followed and results obtained during 
Static Rotor Testing of the SR-7L Large Scale Advanced Prop-Fan (LAP). The 
LAP is a 2.74 meter (9 foot) diameter, 8 bladed advanced propeller designed 
to attain high propulsive efficiency at flight speeds up to Mach .85. The 
Prop-Fan achieves this superior speed and efficiency by employing thin swept 
blades and high disc loading. The Static Rotor Test was conducted on a 7460 
kW <10,000 Hp) whirl rig at the Wright Aeronautical Laboratory in Dayton, 
Ohio. This test afforded the first opportunity to operate the Prop-Fan with 
the SR-7L blades installed. 

The purpose of the Static Rotor Test was to evaluate the static (V® = 0) 
aerodynamic performance and structural behavior of the Prop-Fan and evaluate 
the readiness of the LAP and its instrumentation system for follow up wind 
tunnel and static engine testing. The Static Rotor Test was accomplished in 
four phases. In the first phase the thrust produced and power absorbed by 
the Prop-Fan were measured over a range of blade angles from -6° (reverse) to 
60° and a range of rotational speeds from 600 RPM to 1900 RPM. Blade vibra- 
tory strain data was collected concurrently with the aerodynamic data. This 
allowed the static operating envelope to be defined and the calculated blade 
natural frequencies to be verified. During the second phase of testing the 
blade steady state deflections and stresses were measured at operating condi- 
tions for which analytical predictions of the stresses and deflections were 
available. One of these operating conditions was a 20X overspeed point, 
which was intended to be a proof test of the Prop-Fan structural integrity. 
The third phase of testing employed a specially fabricated pressure tap blade 
to map the blade surface pressure distribution for a range of operating con- 
ditions. The final phase of testing explored the feasibility of measuring 
unsteady aerodynamic phenomena with pressure transducers installed on the 
surface of the SR-7L blade. 

The results of the Static Rotor Test revealed good agreement between measured 
and predicted aerodynamic performance at blade angles below 30° but lower 
than predicted thrust produced and power absorbed above 30°. The onset of a 
stall buffet phenomenon, characterized by elevated blade vibratory stresses, 
was also observed as blade angle was increased beyond 30°. The measured dis- 
tribution of steady state strains in the blade structure correlated well with 
predictions as did the measured blade deflections. The overspeed test veri- 
fied the structural integrity of the Prop-Fan and suggested that classical 
flutter will not be a problem for flight operating conditions. The steady 
surface pressure testing indicated that the blade tips were more highly load- 
ed than expected for low blade angles and that the high tip loading dissipat- 
ed with increasing blade angle. This observation correlates with the lower 
than expected thrust measured at high blade angles. The unsteady pressure 
phase of testing verified that unsteady aerodynamic phenomena could be ob- 
served on the surface of the SR-7L blade. The unsteady pressure data however 
could not be correlated with the stall buffet phenomenon. 
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2.0 INTRODUCTION 


The SR-7L Large Scale Advanced Prop-Fan (LAP) is the culmination of over ten 
years of effort to extend the operating envelope of the propeller from the 
Mach .6 speeds attained by contemporary turboprop aircraft to the Mach .85 
speeds of today's turbofan powered commercial airliners. The impetus for 
this effort is fuel efficiency. 

Studies have shown that by applying thin swept wing technology to the design 
of propeller blades and by achieving higher disc loadings through the use of 
a greater number of blades, the inherent fuel efficiency of the propeller can 
be extended to speeds up to Mach .85. Prop-Fan propulsion should allow air- 
craft to be designed that are 15% to 25% more fuel (reference 1) efficient 
than todays most technologically advanced turbofan powered airliners. 

NASA and Hamilton Standard have collaborated for over 10 years on Prop-Fan 
research. During this period of time a series of Prop-Fan models were tested 
in NASA and United Technologies Corporation wind tunnels. These models were 
used to evaluate the aerodynamic performance and structural dynamic behavior 
of various Prop-Fan designs (references 2 and 3). The data accumulated from 
these wind tunnel model tests resulted in the design of the Large Scale 
Advanced Prop-Fan (LAP) 

The LAP is a 2.74 meter (9 foot) diameter, 8 bladed, single rotation tractor 
Prop-Fan. It has many of the features found on commercial and military pro- 
pellers produced today by Hamilton Standard. The LAP in effect represents 
the evolution of Prop-Fan technology from wind tunnel models to a full size 
propulsion system. 

The NASA Lewis Research Center, through its sponsorship of the Large Scale 
Advanced Prop-Fan (LAP) Program and the follow-on Prop-Fan Test Assessment 
(PTA) Program, has established a series of tests that take the LAP from ini- 
tial mechanical checkout through flight test (reference 4). This report 
presents the test procedures followed and results obtained for the LAP Static 
Rotor Test conducted at the Wright Aeronautical Laboratory at Wright 
Patterson Air Force Base in Dayton, Ohio. 

The Static Rotor Test was the first test of the Large Scale Advanced Prop-Fan 
as a complete assembly. The purpose of the test was to measure various 
Prop-Fan performance characteristics at static operating conditions 
(V 00 = 0). The specific goals of the test program were as listed below. 

• Determine the static thrust produced and power absorbed by the 
Prop-Fan over a range of blade pitch angles and rotational speeds. 

• Determine the stall flutter or stall buffet restrictions, if any, on 
the LAP static operating envelope and verify the calculated blade 
natural frequencies. 
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2.0 (Continued) 

• Measure the steady state stresses and deflections of the blade 
structure and compare these stresses and deflections with analytical 
predictions . 

• Establish the structural integrity of the Prop-Fan by conducting an 
overspeed test per MIL-P-26366A. 

• Measure the steady pressure distribution on the surface of the SR-71 
Prop-Fan blade for a range of blade angles and Prop-Fan rotational 
speeds . 

. Evaluate the performance of high frequency response transducers, in- 
stalled on the SR-7L blade, in measuring time varying pressures on 
the blade surface. 

Testing was conducted on a 7460 kW (10,000 HP) electric motor driven indoor 
whirl rig. No relative air velocity was supplied to the Prop-Fan rotor 
disc. The test procedure consisted of running a series of rotational speeds 
with the Prop-Fan operating in a fixed pitch mode. Conditions were allowed 
to stabilize at each speed and then data was recorded for a minimum of thirty 
seconds. The blade angle was then changed and the procedure was repeated. 

The Static Rotor Test provided a thorough evaluation of the static perform- 
ance of the Large Scale Advanced Prop-Fan and verified the system's readiness 
to proceed with wind tunnel and static engine testing. 
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3.0 PROP-FAN DESCRIPTION 

3.1 GENERAL DESCRIPTION 

A cutaway view of the Large Scale Advanced Prop-Fan is shown in Figure 3.1. 
The LAP is a 2.74 meter (9 foot) diameter, 8 bladed tractor type Prop-Fan, 
rated for 4474 kW (6000 hp) at 1698 RPM. It is designed to be mounted on a 
standard 60A splined propeller shaft. 

3.2 ACTUATOR AND PITCH CONTROL 

The LAP has a hydraulically actuated blade pitch change system and a hydro- 
mechanical pitch control (reference 5). Hydraulic pressure for the actuator 
was provided by pumps located In the control and driven by the propeller 
shaft. Static Rotor Testing was conducted with the Prop-Fan operating in a 
fixed pitch mode and the pitch change system was employed only to change 
blade pitch angle between test points by controlling the position of the 
actuator servo valve with a small electric motor. However the pitch change 
system was functional and producing hydraulic pressure throughout the test. 
The actuator has an adjustable low pitch stop feature, which allows the 
minimum blade pitch angle to be set between 40° and -6°. The stop 
accomplishes this by limiting the travel of the actuator servo valve. The 
low pitch stop was used to lock the blade angle for portions of the Static 
Rotor Test. Hydraulic pressure for changing blade pitch angle on the 
non-rotating Prop-Fan was provided by an electric motor driven auxilliary 
pump contained in the control. 

3.3 SR-7L BLADE 

The structural configuration of the SR-7L blade consists of a central alumin- 
um spar, a fiberglass shell which overhangs the leading and trailing edges of 
the spar and a nickel sheath that covers the leading edge of the outer two 
thirds of the blade. The remaining internal cavities are filled with low 
density rigid foam. The fiberglass shell is protected from abrasion and en- 
vironmental factors by an erosion coating. The erosion coating is a durable 
paint, which can be stripped and re-applied if deterioration occurs. A cut- 
away view of the blade is shown in Figure 3.2. 

The SR-7L Prop-Fan blade aerodynamic design was accomplished using Hamilton 
Standard Program H444. This program employs Goldstein's lifting line-vortex 
theory (reference 6) to determine the blade loading distribution. The blade 
design makes use of NACA Series 16 airfoils outboard and NACA series 65 
Circular Arc airfoils inboard. The blade has an activity factor of 227 with 
37° of sweep at the tip. The blade was designed with pre-deflection so that 
it will assume the desired aerodynamic shape at cruise operating conditions 
(reference 7). 
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FIGURE 3.2 FEATURES OF SR-7L BLADE CONSTRUCTION 
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3.4 HUB AND BLADE RETENTION 


The hub forms a semi-rigid link between the blades that produce the thrust 
and the engine shaft which transmits the torque. The hub is a one piece, 
partially forged part which is carburized, heat treated and machined. The 
hub is secured to the engine shaft by two cones which are preloaded against 
each other by the Prop-Fan retaining nut. The hub also supports the blade 
pitch change actuator, the pitch control and the spinner. 

The Prop-Fan blades are retained in the hub by a single row of ball bear- 
ings. The balls ride in two hardened steel races. One race is machined into 
the rim of the hub arm bore and carburized. The other race is a separate 
part that bears on the blade shank. The ball bearings are kept from contact 
with each other by a separator. Twisting moments acting on the blades are 
transmitted to the actuator by a trunnion attached to the blade shank. 

3.5 SPINNER 

The spinner and bulkhead are essentially a fiberglass shell supported by the 
hub and actuator. The spinner has an aerodynamic shape to facilitate proper 
inflow to the Prop-Fan. The bulkhead provides a mounting surface for most of 
the instrumentation hardware in the rotating field. 


8 


4.0 INSTRUMENTATION 


4.1 GENERAL DESCRIPTION 

The electronic data acquisition system for the LAP provided the capacity to 
transmit 32 channels of information from transducers on the rotating side of 
the Prop-Fan to data collection and monitoring equipment in the stationary 
field (reference 8). These transducers were a combination of strain gages 
and pressure transducers. A separate pneumatic instrumentation system was 
also available for measuring the steady pressure distribution on one 
specially designed blade. 

4.2 ELECTRONIC DATA ACQUISITION SYSTEM 

Electric power for the electronic data acquisition system and signals from 
the transducers were transmitted across the rotating/stationary interface by 
a brush block and slip rings. The physical arrangement of the LAP allowed 
for only eight slip rings. The need to transmit 32 channels of information 
therefore necessitated the use of multiplexing. The DC signals from the 
transducers in the rotating field were divided into two groups of sixteen. 

The signals were then converted to frequency modulated signals by two groups 
of voltage controlled oscillators. Each group was then multiplexed by a 
mixer, allowing thirty two channels to be transmitted through two slip 
rings. The two groups of sixteen channels were each detranslated in the 
stationary field to four groups of four multiplexed channels (IR1G Standard 
1A thru 4A). Each set of four channels was recorded on one track of a 
standard Honeywell 101 tape recorder. Simultaneously, eight discriminators 
were used to demodulate any two groups of four channels for real time 
monitoring of data. One discriminator was tuned to the center frequency of 
each channel. A schematic of the electronic data acquisition system is 
presented i n Figure 4.1. 

The FM electronic instrumentation system provides inherent noise immunity for 
data transmission. The frequency response for the system was DC to 1000 HZ. 
Overall accuracy of the system i s + 3% RSS. Time correlation between chan- 
nels was +13.8 microseconds. 

The electronic instrumentation system allowed for up to ten strain gages to 
be installed on any blade, though a maximum of 32 gages could be active at 
any one time. A total of sixteen gages could be selected from blades one 
through four and an additional sixteen gages could be chosen from blades five 
through eight. Selection of the desired combination of gages was accom- 
plished using eight programmable connectors mounted on the Prop-Fan hub. 
Programming of the connectors required using jumper wires to connect the 
sockets of patch boards in the connectors. The bridge completion circuits 
for the strain gages were located on circuit boards in the blade cuff. 
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FIGURE 4.1 LAP INSTRUMENTATION BLOCK DIAGRAM 








4.2 (Continued) 


Monitoring of instrumentation during the test was accomplished with an 
oscilloscope, a spectrum analyzer and a visicorder. The oscilloscope 
permitted a time domain display of four channels simultaneously. The 
spectrum analyzer provided the capability to display any one channel in the 
time or frequency domain. The analyzer also had transient capture and 
playback features. The visicorder provided a hard copy plot of 
instrumentation signals versus time. 

4.3 STEADY PRESSURE MEASUREMENT SYSTEM 

The pneumatic instrumentation system for measuring airfoil surface steady 
pressures, consisted of a specially fabricated blade with rows of pressure 
taps installed at ten radial stations and a scanivalve mounted on the nose of 
the Prop-Fan. The pressure taps were connected to the scanivalve by capil- 
lary tubes run along the actuator dome. 

The scanivalve provided 36 channels for transmitting pressure data across the 
rotating/stationary interface. One capillary tube was connected to each 
channel of the scanivalve. The scanivalve consisted of a rotating and sta- 
tionary portion. The stationary portion contained a transducer that could 
monitor one channel at a time. Changing of the scanivalve channel to be mon- 
itored was accomplished by a pneumatic signal sent from a control panel to 
the scanivalve. The scanning rate was adjustable from .1 seconds to 10 sec- 
onds per channel. An umbilical cord running from the stationary portion of 
the scanivalve to a control panel contained wires from the transducer and 
tubes for transmitting the pneumatic signal. A digital readout of the mea- 
sured pressure was available on the control panel. The pressure readings 
were also recorded on magnetic tape. 
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5.0 TEST FACILITY DESCRIPTION 


5.1 WHIRL RIG DESCRIPTION 

The SR-7L Large Scale Advanced Prop-Fan is shown mounted on the Wright 
Aeronautical Laboratory Whirl Rig #1 in Figure 5.1. The whirl rig was driven 
by a 7460 kW (10,000 hp) synchronous electric motor, which had a speed capa- 
bility of zero to 1440 RPM. The rotational speed of the synchronous motor 
was controlled by varying the output frequency of a three phase alternator, 
that supplied electrical power to the motor. The three phase alternator was 
driven by two DC electric motors on a common shaft. The rotational speed of 
the DC motors was controlled by varying the voltage supplied to them from two 
DC generators. By changing the speed of the two DC motors the output fre- 
quency of the 3 phase alternator was also changed. The whirl rig synchronous 
motor speed achieved is proportional to the output frequency of the 3 phase 
al ternator . 

The whirl rig synchronous drive motor could be operated in either a 6 pole or 
12 pole configuration. The 12 pole configuration was used for low RPM, high 
power testing while the 6 pole configuration is used for higher RPM testing. 
The power available from the rig motor as a function of rotational speed is 
presented in Figure 5.2 for both the 6 pole and 12 pole configurations. 
Changing between the 6 and 12 pole configurations simply required that motor 
rotation be stopped and the position of two power switches be changed. 

5.2 SPEED INCREASING GEAR BOX 

Static Rotor Testing of the LAP required operation at rotor speeds up to 2038 
RPM. The 1440 RPM speed limitation of the whirl rig motor necessitated the 
use of a speed Increasing gearbox to achieve the entire operating speed range 
of the Prop-Fan. The gear box employed was a coaxial two stage unit, that 
provided a step up speed ratio of 2.49:1. Power was input to the gearbox by 
means of a jack shaft and was transmitted to the high speed output shaft by 
four quill shaft and pinion gear assemblies. The output shaft of the gearbox 
supported the Prop-Fan and rotated in two pressure fed cylindrical journal 
bearings. A thrust bearing is Incorporated in the gearbox which transmits 
the Prop-Fan thrust directly to the input jack shaft. The rated power of the 
gearbox as a function of rotational speed is overlayed on the power curves 
for the whirl rig in Figure 5.2. 

The gearbox was supported at the drive end of the whirl rig and served to 
keep the spacing between the blade tips and the face of the whirl rig greater 
than one half the Prop-Fan diameter for all of the blade pitch angles run 
during the test. Due to the blade sweep, the spacing between the rig and the 
blades decreased with increasing blade angle. The gearbox casing also has an 
aerodynamic shape which facilitated well behaved flow downstream of the 
Prop-Fan Rotor. The juxtaposition of the Prop-Fan and gearbox is illustrated 
in Figure 5.3. 
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FIGURE 5.2 WHIRL RIG POWER AVAILABLE VS. SPEED 
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5.3 WHIRL RIG INSTRUMENTATION 

A system, integral to the whirl rig, provided the capability to measure 
thrust up to 222,400 N (50,000 1b f ) in either direction. The system con- 
sisted of a hydraulic cell loaded by the whirl rig thrust bearing and an air 
amplifier. The hydraulic pressure in the load cell was converted to a thrust 
measurement by the air amplifier system. 

Power absorbed by the Prop-Fan was determined by measuring the electrical 
power supplied to the whirl rig synchronous motor.’ Empirically determined 
electrical losses, gearbox mechanical losses and windage losses were sub- 
tracted from the electric power measurement to determine the power absorbed 
by the Prop-Fan. These losses are presented as a function of RPM for the six 
pole motor in Figures 5.4, 5.5 and 5.6 respectively. 

Accelerometers, mounted on the forward and aft ends of the speed increasing 
gearbox housing were used to monitor Prop-Fan and test rig vibration. The 
accelerometer signals were integrated twice to yield displacement. A maximum 
vibratory displacement of .25 mm (.01 inches) was allowable. 
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FIGURE 5.4 WHIRL RIG COPPER + LOAD LOSS VS. RPM, 6 POLE MOTOR 
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FIGURE 5.5 SPEED INCREASING GEAR BOX LOSS 
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6.0 AERODYNAMIC PERFORMANCE TESTING 


6.1 TEST PROCEDURE 

The static aerodynamic performance of the SR-7L Prop-Fan was measured concur- 
rently with the gathering of blade structural dynamic data during the Static 
Rotor Test. The performance data was measured with the Prop-Fan operating in 
a fixed blade pitch mode. 

Prior to the initiation of each test run the blade pitch angle was measured 
at the 3/4 span blade station, using a hand held protractor and blade tem- 
plate. The blade template was designed to conform to the blade face surface 
contour and to orient the protractor parallel to the airfoil section chord- 
line at that station. The angle made by the 3/4 span blade chord line with 
the plane of rotation defines the blade pitch angle, B 3/4. During the mea- 
surement, the blade was loaded by hand toward low pitch to take up the back- 
lash in the actuation system. This reflects the running position of the 
blade shank, but does not account for airfoil deflections which occur under 
air and centrifugal loads. The blade angle was remeasured at the completion 
of each test run. 


Ambient temperature and pressure were also recorded at the beginning and end 
of each test run. Ambient pressure was measured with a Mercury barometer. A 
correction was applied to the barometer reading to compensate for the effect 
of temperature on the density of the Mercury. 

Static aerodynamic performance data was acquired over a range of blade angles 
from -6° to 60° and a range of rotational speeds from 600 to 1900 RPM. At 
blade angles above 30° the maximum RPM was limited by blade vibratory stress 
levels. The actual test points run are listed in Table 6.1. 

TABLE 6.1. TEST POINTS FOR STATIC THRUST, STALL FLUTTER AND CRITICAL SPEEDS 


Blade Angle 

(B 3/4) RPM 


-5.7° 600,700,800,900,1000,1100,1200, 

1300,1 400 ,1500,1600,1650,1700,1750, 

1800,1850,1900 


- 2 ° 


600,700,800,900,1000,1100,1200, 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900' 


. 2 ° 


600 , 700 ,800,900,1000,1100,1200, 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 


2° 600,700,800,900,1000,1100,1200, 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 
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TABLE 6.1. TEST POINTS FOR STATIC THRUST, STALL FLUTTER AND CRITICAL SPEEDS 

(Continued) 


Blade Angle 
(13 3/4) 


6 . 1 ° 


10 ° 


14.1° 


18.2° 

22 . 1 ° 

25.8° 

30.3° 

32.1° 

33.5° 

34.3° 

38.1° 

42° 

49.9° 


RPM 

600,700,800,900,1000,1 100,1200, 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 

600 , 700 ,800,900,1000,1100,1200, 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 

600 , 700 , 800 , 900 , 1 000 , 1 1 00 , 1 200 , 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 

600 , 700 ,800,900,1000,1100,1200, 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 

600 , 700 ,800,900,1000,1100,1200, 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 

600 , 700 , 800 ,900,1000,1100,1200, 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 

600 , 700 , 800 , 900 , 1 000 , 1 1 00 , 1 200 , 

1300,1400,1500,1600,1650,1700,1750, 

1800,1850,1900 

700,800,900,1000,1100,1200,1300, 

1400,1500,1600,1700 

700,800,900,1000,1100,1200,1300, 

1400,1500,1600,1700 

600 ,700,1000,1100,1200,1 300 

600 ' 700 , 800 ,900,1000,1100,1200 

600,700,800,900,1000,1100,1200 

600,700,800,900,1000,1100,1200 


600,700,800,900,1000,1100 

600,700,800,900,1000,1100 
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6.1 (Continued) 


At the beginning of each day's testing, Prop-Fan rotational speed was in- 
creased to approximately 1000 RPM and allowed to coast to a stop. The thrust 
measurement apparatus was then zeroed. Following zeroing of the thrust mea- 
surement, rotational speed was increased to 600 RPM to begin data acquisi- 
tion. At each RPM operation was maintained for a sufficient period of time 
to allow thrust and power readings to stabilize prior to recording data. 

6.2 DATA REDUCTION PROCEDURE 

Net power absorbed by the Prop-Fan was determined by subtracting electrical 
and mechanical losses from the measured electrical power supplied to the rig 
synchronous motor at each test point. These losses had previously been de- 
termined experimentally as a function of RPM for the whirl rig and gear box. 
Net thrust was determined by multiplying the measured thrust by a rig factor 
determined during thrust calibration. The rig factor was equal to 1.005 for 
all blade angles and rotational speeds. 

Net power and thrust were corrected to standard conditions by multiplying 
them by the ratio of standard to ambient air density. The air density ratio 
was computed from the ambient pressure and temperature readings recorded be- 
fore and after each test run. Corrected and net thrust and power are related 
by equations 6.1 and 6.2. 


P 


c o r r 


= P, 


Pamb 

759.97 


288 

x 

t am b 


( 6 . 1 ) 


Pamb 288 

X 

759.97 t amb 


( 6 . 2 ) 


where: 

p corr = corrected power, kW 

Tcorr = corrected thrust, N 

P net = net power, kW 

T net = net thrust, N 

p amb = ambient pressure, mm Hg 

t amb = ambient temperature, °K 
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6.2 (Continued) 


The correction equations allow thrust and power data collected for various 
ambient conditions to be compared on an equal basis. 


The power and thrust data were also nondimensional ized to coefficient form 
for comparison with the analytically predicted static performance The power 
and thrust coefficients were computed using equations 6.3 and 6.4 below. 


(power coefficient) 


C P = 


Pcorr 

5.674(ND/1 000 ) 3 D 2 


(6.3) 


(thrust coefficient) 


Ct 


Tcorr 

340.42(ND/1000) 2 D 2 


(6.4) 


where : 


p corr = corrected power, kW 
T corr = corrected thrust, N 
D = Prop-Fan diameter, 2.74 m 
N = rotational speed, RPM 


6.3 RESULTS AND DISCUSSION 

Curves of corrected power and corrected thrust versus blade angle for a con- 
stant RPM are presented in Figures 6.1 and 6.2. ^figure 6.3 presents the P re 
dieted curve of static power coefficient versus blade pitch angle tor the 
SR-7L Prop-Fan. Figure 6.4 shows the predicted curve of thrust coefficient 
versus power coefficient. These predicted curves were generated using 
Hamilton Standard Program H444. Thrust coefficient and power coefficient 
data are overlayed or the predicted curves. 

Examination of Figure 6.2 illustrates the behavior of the static thrust pro- 
duced by the Prop-Fan as a function of the blade angle. A smooth increase in 
thrust is observed between blade angles of zero and thirty degrees. Thrust 
then decreases slightly between blade angle of 30° and 34° and then is essen 
tially constant from 34° to 60°. Figures 6.3 and 6.4 depict an abrupt depar- 
ture of the power and thrust data from predicted values as blade angle is in- 
creased beyond 30°. Both thrust produced and power absorbed by the Prop-Fan 
are lower than predicted above blade angles of 30°. The calculated SR 7L 
performance is compared to the measured performance in Table 6.2 below. 
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FIGURE 6.1 SR7L PROP-FAN CORRECTED POWER VS BLADE ANGLE 
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THRUST NEWTONS *10 






Blade angle, p3/ A 


50 ° 



FIGURE 6.3 SR-7L PROP-FAN, COMPARISON OF MEASURED AND PREDICTED CURVES 
OF BLADE ANGLES VS. POWER COEFFICIENT, Voo - 0 
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TABLE 6.2. COMPARISON OF MEASURED AND PREDICTED PERFORMANCE 


Predicted Performance 


Measured Performance 


B 3/4 = 33.3° 

N =1698 RPM 

Power = 4476 kW (6000 hp) 

Thrust = 40237 N (9046 lb f ) 


B 3/4 = 33.5° 

N =1702 RPM 

Power = 3520 kW (4719 hp) 

Thrust = 32337 N (7270 lb f > 


The reason for the shortfall in static performance at high blade angle is not 
clear from the data presented here. Referring to the thrust versus blade an- 
gle data in Figure 6.2, the deviation of the measured and predicted perform- 
ance occurs at the same blade angle, independent of the RPM. Since the per- 
formance shortfall is observed at rotational speeds as low as 900 RPM, it is 
unlikely that it was caused by shock separation or compressibility. The 900 
RPM rotational speed results in blade tip speeds in the Mach .3 to Mach .4 
range. This type of behavior may be indicative of stall. However, calcula- 
tions made with computer program H444 indicate angles of attack well below 
stall at the outboard blade sections for B 3/4 angles beyond 34°. The H444 
program uses a classical undistorted wake model to obtain variable inflow 
distributions for performance predictions. This model may not accurately 
represent the actual physical wake geometry for the highly loaded SR-7L 
Prop-Fan operating statically at high blade angle. Therefore the angle of 
attack distribution along the blade may be very different than was predict- 
ed. Computer programs are available that may better handle the cascade ef- 
fects between blades, but they require that the geometry of the wake be spec- 
ified. Wake geometry data is available for conventional propellers, but not 
for Prop-Fans. In order to use these computer programs effectively to 
predict static performance, flow visualization studies or wake surveys are 
required in order to obtain a better definition of the wake created by 
Prop-Fan blades. 


In view of the unusual shapes observed in LAP performance curves, the data 
from previous static tests of single rotation Prop-Fan wind tunnel models 
(reference 9) was carefully reviewed. Under close examination it was found 
that the unusual shapes of the C P versus B 3/4 and C T versus C P curves 
were present to some degree in all prior test data for single rotation 
Prop-Fan configurations including the SR-2, SR-3 and SR-5. Data illustrating 
this behavior for the SR-3 Prop-Fan is presented in Figures 6.5 and 6.6. The 
SR-3 is most aerodynami cal ly like the SR-7L of the models tested. In general 
the performance curves for all Prop-Fans are similar and tend to have a 
maximum thrust coefficient of .6 to .7 at power coefficients greater than .7. 
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Thrust coe 



Power coefficient, Cp 

FIGURE 6.6 SR-3 PROP-FAN, THRUST COEFFICIENT VS. POWER COEFFICIENT, Vco =0 
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7.0 STRUCTURAL DYNAMIC, TESTING 


7.1 TEST PROCEDURE 

Blade structural dynamic data was gathered over the same operating envelope 
for which aerodynamic performance data was obtained. The actual test points 
at which structural dynamic data was collected are listed in Table 6.1. 
Testing allowed the blade natural frequencies to be experimentally determined 
and the regions of high blade vibratory stress to be mapped as a function of 
blade angle and RPM. Extensive spectral analysis of the data was also con- 
ducted so that the vibration could be characterized as flutter, buffet or 
resonance. 

The LAP electronic data acquisition system provided the capability for ex- 
tensive strain gaging of the Prop-Fan blades. The strain gage arrangement 
used for structural dynamic testing is illustrated in Figure 7.1. A total of 
fifty four gages were applied to the Prop-Fan blades with thirty primary ac- 
tive gages as indicated in the figure. The inactive gages were arranged so 
they could be employed as backups in the event of primary gage failure. The 
gages were applied as single bending gages in the radial or chordwise direc- 
tions, in vee pairs to measure pure shear or in push pull pairs to measure 
bending moment at the blade shank. One radial bending gage, one chordwise 
bending gage and one vee pair were combined to form a rosette at certain 
locations. 

The precise location and orientation of the gages on each of the blades is 
depicted in Figures 7.2 through 7.6. A numbering convention was formulated 
for the gages, based on the blade number, the gage location and the gage 
type. The numbering convention is described in Table 7.1. 
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FIGURE 7.3 STRAIN GAGE LOCATIONS FOR BLADES 2 8c 7 





FIGURE 7.5 STRAIN GAGE LOCATIONS FOR BLADES 1 


5 AND 6 
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TABLE 7.1. STRAIN GAGE NUMBERING CONVENTION 
Bending gages: 


blade location— 's' 
gage location ' 

Shear (vee) gages: 

blade location — // / 

gage location ' / 

gage type — 

Chordwise bending gages^31J_C 

blade location ^ / I 

gage location ' / 

gage type ' 

Shank gages: v 1 / 


blade location ^ / 

gage location ' 

E - edgewise 
F - flatwise 

Strain gage locations 1 , 2 and 3 were chosen to correspond with the analyti- 
cally predicted points of maximum vibratory response for the first four blade 
normal modes. The bending gages were oriented along the predicted principal 
directions of strain. Analysis indicated that strain gages at location two 
would see a significant vibratory response for each of the first four normal 
modes. Therefore an active gage was included at this location on blades 1 
through 8. These gages provided the capability to correlate interblade phase 
information. The gages at location four correspond to a local high stress 
area on the blade trailing edge. 

7.2 DATA REDUCTION PROCEDURES 

Reduction of the vibratory strain data began with plotting of the total vi- 
bratory strain amplitude versus time for the various combinations of blade 
anqle and RPM at which data was collected. These plots were useful in deter- 
mining the quality (noise content) of the strain gage signals and also in ex- 
amining the character of the vibration. 
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7.2 (Continued) 


The total vibratory strain data was also digitized and statistically analyzed 
to produce tables of mean strain, standard_devi ation of strain and mean 
strain plus twice the standard deviation (X + 2a). The terminology for the 
(X + 2a) strain is infrequently repeating peak (IRP) strain and is referred 
to in this report as vibratory strain except where noted. The IRP strain for 
each data point is presented in Appendix 1. 

Spectral analysis of the data was conducted to determine the frequency con- 
tent of the vibration. The spectral analysis also allowed Campbell plots to 
be constructed, presenting the blade natural frequencies as a function of 
RPM. The dependence of the blade natural frequencies on blade angle (13 3/4) 
was also determined. 

Cross spectral analysis was conducted to determine if a coherent interblade 
phase angle existed in the vibration data. This analysis technique consisted 
of forming the product of the vibration signals from two strain gages located 
in the same position on adjacent blades and performing a spectral analysis of 
the mixed signal. The cross-spectral analysis algorithm then determined the 
spectral components of the two signals and the phase relationship between 
them. 

7.3 RESULTS AND DISCUSSION 

Testing revealed no significant blade vibratory stress levels for blade an- 
gles in the range from -6° to 25° up to rotational speeds of 1900 RPM. The 
first vibratory stress limit was encountered at a 32° blade angle. An audi- 
ble change in the sound produced by the Prop-Fan was perceived when the blade 
angle was increased over 30°. The audible sound level increased and the ton- 
al frequency decreased. No acoustic measurements were taken during the tests 
to confirm these observations. The Prop-Fan speed was limited for blade an- 
gles above 30°. Figure 7.7 shows a map of the speeds and blade angles where 
vibratory stresses were recorded. In addition to the typical RPM traverses a 
blade angle traverse was attempted in an effort to circumvent the high stress 
region. As shown in Figure 7.7 the same high stress region was encountered 
from a different approach. Additional blade angle traverses were not at- 
tempted. 

7.3.1 Blade Buffet Response 

The blade vibratory stress limits were encountered in the blade tip region, 
at gage locations 23, 24, 73, and 83 (Figure 7.1). The vibratory stress mea- 
sured at the other gage locations remained below limits when the tip gages 
reached their respective limits. The high vibratory stress is characterized 
as buffet rather than flutter because the stress level and frequency content 
was unsteady in nature. The stress amplitude did not increase suddenly and 
no mode sustained a sinusoidal response. 
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0 Run stopped by high stress 
□ Normal run 



Rotational speed ru rpm 

FIGURE 7.7 SR-7L STATIC ROTOR TEST SUMMARY 
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7.3.1 (Continued) 


The transition of blade vibratory response from -2° to 34.2° blade angle is 
shown in Figure 7.8 for a blade tip bending strain gage. Blade strain 
changed from near zero response in the blade angle range from -2° to 22° to 
high response at 34.2°. The response at 34.2° blade angle is unsteady in 
both amplitude and frequency content. The response is dominated by a fre- 
quency of 92.5 Hz which corresponds to the second flatwise natural frequency 
of the blade. The response is not a sustained sine wave which characterizes 
flutter, therefore the response is designated as buffet. Buffet is caused by 
a flow instability, and the structure responds to the broad-band excitation 
produced by the flow instability. 

7.3.2 Blade Vibration Frequency Content 

The frequency content of the 34.2° blade angle response is shown by the spec- 
tral plot, Figure 7.9. As mentioned previously the dominant frequency is 
92.5 Hz which corresponds to the second flatwise blade mode. A Campbell plot 
for the SR-7L blade is presented in Figure 7.10. The figure shows good 
agreement between the data and the calculated natural frequencies. The data 
also, verifies the buffet mode as the second flatwise mode. 

The spectral results revealed that the frequency content of the buffet is not 
independent of blade angle. At blade angles above 39° the response changes 
from the second flatwise mode to the first flatwise mode of vibration as 
shown by the spectral plot of the tip bending gage vibratory response for a 
55° blade angle in Figure 7.11. The flatwise response at 35 Hz is very close 
to the 2P first mode critical speed shown in Figure 7.10. Therefore the 2P 
excitation may be influencing the blade response. High first mode 2P re- 
sponse was not evident below 39° blade angle. 

7.3.3 Inter-Blade Phase Angle 

The buffet test data for a 34.2° blade angle at 1300 RPM, was examined with 
cross-spectral analysis and visually with oscillographs to determine if a co- 
herent inter-blade phase angle existed in the buffet response. Although the 
buffet response was unsteady, the spectral analysis, like that shown in Fig- 
ure 7.9, indicated that all blades were vibrating at the same frequency, 92.5 
Hz. The data analysis showed no coherent inter-blade phase angle during buf- 
fet. To investigate why a lack of phase coherence existed with coherent fre- 
quency data, zoom spectral analysis was performed on the data to isolate the 
frequency content. Figure 7.12 shows the results of the zoom spectral analy- 
sis, which identified multiple frequency response peaks in the data. The 
system is not vibrating at a single frequency. Multiple frequencies in the 
order of 92.5 Hz plus or minus 1 Hz exist. The multiple peaks were not evi- 
dent in Figure 7.9 because of the resolution of frequency in the spectrum. 

The multiple peaks show that the Prop-Fan is not responding in a single sys- 
tem mode, therefore no coherent inter-blade phase angle should exist. The 
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FIGURE 7.9 FREQUENCY CONTENT OF THE TIP BENDING GAGE (73) RESPONSE 


FOR 1 300 RPM, 34.2° BLADE ANGLE 
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FIGURE 7. 11 FREQUENCY CONTENT OF THE TIP BENDING GAGE (73) RESPONSE FOR 
1100 RPM, 55° BLADE ANGLE 
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FREQUENCY — HZ 

FIGURE 7.12 ZOOM SPECTRAL ANALYSIS OF THE MID-BLADE BENDING GAGE (72) 
FOR 1 300 RPM, 34.2° BLADE ANGLE 
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7.3.3 (Continued) 


multiple frequency peaks in the blade response is an indication that the sys- 
tem of blades is mis-tuned. For unstalled flutter, mis-tuning is stabilizing 
because it prevents the blades from locking into a coherent system mode 
(reference 10). Evidence of mis-tuning is also apparent when the variation 
in vibratory amplitude between blades is examined. Figure 7.13 shows the 
blade to blade variation in mid-blade bending strain between seven of the 
eight blades. Strain variations on the order of 25% are evident in the data 
with no blade having consistantly low or high strain levels as the rotational 
speed changed. 

7.3.4 Blade Angle Effect on Natural Frequency 

The data presented in the Campbell plot, Figure 7.10, is representative of 
all the blade angles tested and the condensed scale does not show the effect 
of blade angle on the blade natural frequency. To examine the blade angle 
effect the data was replotted versus blade angle in Figure 7.14 for three ro- 
tational speeds. Figure 7.14 shows that first and second flatwise bending 
modes decrease in frequency with increasing blade angle, the f i rst edgewi se 
mode increases in frequency with increasing blade angle, and the first tor- 
sion mode remains relatively uneffected by blade angle. These trends in fre- 
quency with blade angle are typical for rotating blades. The changes in fre- 
quency are caused by the orientation of the blade in the centrifugal field. 

The centrifugal field produces a large out-of-plane centrifugal stiffening 
effect on the blade and a smaller in-plane centrifugal stiffening effect. 

When a blade is operating at low blade angle conditions, the flatwise natural 
modes of vibration are increased more than the edgewise modes by the larger 
out-of-plane centrifugal stiffening effect, because the flatwi se motion is 
primarily out-of-plane. For flatwise modes, as the blade angle is raised the 
component of out-of-plane motion decreases and the in-plane motion increases 
so as to reduce the stiffening effect. This causes the blade natural fre- 
quency to decrease. The opposite is true for the edgewise natural modes of 
vibration which have more in-plane motion at low blade angles. Increasing 
the component of out-of-plane motion with increasing blade angle causes the 
edgewise mode to increase in frequency with blade angle. 

7.3.5 Blade Total Strain Variation 

The response of the SR-7L can be subdivided into three regions of^iffering 
response characteristics. These regions are low blade angle -5.7° to 25 , 
moderate blade angle 25° to 40° and high blade angle 40° to 60°. These re- 
gions were evident when the blade frequency content was examined and they are 
also evident when the total strain variation is examined for the three blade 
angle regions. 
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Blade angle '-''degrees 

FIGURE 7.14 THE EFFECT OF BLADE ANGLE ON BLADE 
NATURAL FREQUENCY FOR THE SR-7L 
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7.3.5 (Continued) 


Figures 7.15, 7.16, and 7.17 show the variation of total strain measured by 
the tip bending strain gage for the low, moderate and high blade angle re- 
gions respectively. In the low blade angle region, the response is low and 
the strain level changes little with rotational speed increase. In the mod- 
erate blade angle region, the blade response is very sensitive to both rota- 
tional speed and blade angle changes. A critical speed is evident in Figure 
7.16 at 1000 RPM. The critical speed involves the first edgewise mode and 
four-per-revolution (4P) exitation. At the 34.2° and 38.1° blade angles the 
runs had to be stopped at low rotational speeds because the strain was in- 
creasing rapidly with increasing rotational speed. The increased sensitivity 
of the response to critical speeds in the moderate blade angle region indi- 
cates that the damping in these modes has decreased because the external ex- 
citation causing harmonic excitation has not changed. The external excita- 
tion is due to small perturbations in the flow field. In the high blade an- 
gle region the critical speed at 1000 RPM is no longer evident. The strain 
at the tip strain gage tends to increase linearly with rotational speed. The 
character of the response has changed at high blade angles. 

Cross plotting the data in Figure 7.15, 7.16, and 7.17 yields Figure 7.18, a 
strain contour plot for the tip bending gage vibratory response. This plot 
shows the critical speed at 1000 RPM in the 30® to 40° blade angle region and 
the disappearance of the critical speed above 40° blade angle. When the 
critical speed effect is ignored, the shape of the constant strain contours 
form a pattern of vertical lines at high blade angles and horizontal lines in 
the 30° to 35° blade angle region. 

Further insight into the changes in response characteristics is gained by ex- 
amining the strain at the inboard bending strain gage. Figures 7.19, 7.20 
and 7.21 show how the strain at an inboard strain gage changes with increas- 
ing rotational speed and blade angle for the three blade angle regions dis- 
cussed above. Figures 7.19 and 7.20 show little inboard bending gage re- 
sponse at all rotational speeds and blade angles between -5.7° and 38.1°, but 
Figure 7.21 shows substantial inboard bending gage response at the high blade 
angles, indicating that the response has changed from a second flatwise mode 
in the moderate blade angle region to first flatwise response in the high 
blade angle region. This feature of the response was shown previously when 
the frequency content of the signals was examined. 

7.3.6 Blade Strain Distributions 

Because the response characteristics changed from the moderate to high blade 
angle regions, the distribution of strain along the blade varies from a sec- 
ond flatwise distribution to a first flatwise distribution. Figures 7.22 and 
7.23 show the distribution of total vibratory strain in the moderate blade 
angle region and in the high blade angle region. It is interesting to note 
that the shape of the distribution does not change substantially with rota- 
tional speed. Only the magnitude of the response increases with increasing 
rotational speed. This indicates that the forcing function that drives the 
response increases in magnitude with rotational speed but does not change in 
character . 
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VIBRATORY STRAIN 
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FIGURE 7.15 VIBRATORY STRAIN OF THE SR7L TIP BENDING GAGE (73) 
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VIBRATORY STRAIN 



ROTATIONAL SPEED — RPM 

FIGURE 7.19 VIBRATORY STRAIN OF THE SR-7L INBOARD BENDING GAGE (81 ) 
AT LOW BLADE ANGLES 
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VIBRATORY STRAIN 





VIBRATORY STRAIN 



AT HIGH BLADE ANGLES 
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FIGURE 7.22 SR-7L BLADE BENDING STRAIN DISTRIBUTION AT A MODERATE 
BLADE ANGLE, 33.5° 
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FIGURE 7.23 SR-7L BLADE BENDING STRAIN DISTRIBUTION AT A HIGH 
BLADE ANGLE, 60.1° 
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8.0 BLADE STEADY STATE STRESS AND DEFLECTION MEASUREMENT 


8.1 TEST PROCEDURE 

This phase of the Static Rotor Test consisted of gathering steady state blade 
structural data at three operating points for which a static finite element 
analysis of the blade had been conducted. Acquisition of data at these oper- 
ating points permitted comparison of analytically and experimentally deter- 
mined blade stresses and deflections. The test points run are listed in 
Table 8.1. 


TABLE 8.1. STEADY STATE STRESS AND DEFLECTION TEST POINTS 


Test Point 

Blade Angle (0 3/4) 

RPM 

1 

22° 

1700 

2 

32.1° 

1700 

3 

25.8° 

2038 


Test point 3 was included as a proof test of the structural integrity of the 
Prop-Fan blades and mechanical systems. This test point consisted of opera- 
tion at 120% of the design rotational speed at a blade angle that would allow 
the Prop-Fan to absorb 100% of its design power at that speed. The total op- 
erating time accumulated at the overspeed point was one hour. Test point 3 
is in accord with the requirements of military specification MIL-P-26366A for 
propeller overspeed proof tests. 

8.1.1 Analytical Technique 

Analysis of the SR-7L blade for the operating points described in Table 8.1 
was conducted using the Hamilton Standard in house finite element code 
BESTRAN. An offset finite element model of the blade was used for this anal- 
ysis. In the offset model the layers of the blade model are tied together 
with rigid elements instead of elastic links, thus greatly reducing solution 
time. A One-Step plus Differential Stiffening approach was used in running 
the finite element analysis. This is a two step solution. During the first 
step a differential stiffening matrix is calculated, which accounts for the 
change in element bending stiffness as the element membrane stresses change. 
The blade is then reanalyzed including the effect of the differential stiff- 
ness matrix calculated in the first step (reference 7). 

8.1.2 Steady Stress Measurement 

Comparison of measured and predicted blade stresses permits the accuracy of 
the analytical tools used in the blade design, as well as the structural ade- 
quacy of the blade to be evaluated. 
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8.1.2 (Continued) 


The blade strain gage arrangement used during the steady state stress and de- 
flection portion of the test is shown in Figure 8.1. The locations of gages 
414 and 416 were chosen to correspond with the points of predicted maximum 
steady compressive and tensile stress respectively on the face side of the 
blade. The location of gages 415 and 417 correspond with the points of pre- 
dicted maximum steady compressive and tensile stress respectively on the cam- 
ber side of the blade. Strain gages 89, 81, 82, 813 and 83 provided the cap- 
ability to determine the radial distribution of stress along the blade. The 
strain gage arrangement also allowed the blade vibratory stresses to be ade- 
quately moni tored. 

8.1.3 Blade Deflection Measurement 

The SR-7L blade was designed so that it would assume the correct aerodynamic 
shape, when subjected to design centrifugal and air loads. Therefore compar- 
ison of measured and predicted deflections provides information, which can be 
useful in evaluating aerodynamic performance data. 

Blade deflection measurements were made using two separate systems, an opti- 
cal system and a laser based system. The optical system consisted of a 
transit type telescope mounted on a carriage and track assembly, a linear 
scale and a strobe light. The scope was located beneath the Prop-Fan and 
viewed upward at the advancing blades passing through horizontal. The car- 
riage allowed the scope to be moved back and forth parallel to the axis of 
rotation, as well as laterally. The axial movement of the scope was con- 
trolled by a handwheel and worm gear mechanism, which allowed precise adjust- 
ment of the scope position. The axial position of the scope was measured 
with the linear scale. The strobe light was triggered by the rotation of the 
whirl rig shaft. The phase could be adjusted to freeze the rotor with blade 
number one in the horizontal position. 

The axial location of the blade leading and trailing edges at any station 
were determined by adjusting the position of the scope until the crosshairs 
were aligned with these points. Chordwise stripes were located on the sur- 
face of blade number one at the stations where deflection measurements were 
made to facilitate alignment of the scope. The zero points for blade de- 
flection were taken with the Prop-Fan rotating at 700 RPM. Operation at this 
speed eliminated backlash in the actuator and retention system, but did not 
result in significant blade deflection. The blade deflection was determined 
at each test point by measuring the axial displacement of the blade leading 
and trailing edges from the zero point. 

The laser deflection measurement system consisted of four helium-neon lasers 
and four photodetectors. One laser is reflected from a mirror on the Prop- 
Fan spinner back to a detector to provide a once per revolution indication. 
The remaining three lasers were oriented so that their beams passed obliquely 
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FIGURE 8.1 ACTIVE STRAIN GAGE ARRANGEMENT FOR OVERSPEED 
AND BLADE DEFLECTION TESTING 
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8.1.3 (Continued) 

through the Prop-Fan rotor disc and were received at three additional photo- 
detectors. These laser beams intersected the blade in the six o'clock posi- 
tion at the SOX span, 75X span and tip stations. As the blade intersects the 
beams, light going to the detectors is blocked and the detector output goes 
low. After the blade trailing edge passes the beam, light going to the de- 
tector is restored and the detector output goes high. Therefore the outputs 
of the detectors are rectangular wave forms when the Prop-Fan is rotating. 

The deflection of the blade is determined by relating changes in the timing 
of the waveforms to changes in the geometry of the blade. 

8.1.4 Overspeed Test Point 

The overspeed test point was run for one hour at 120X of the design speed 
(2038 RPM) and at a blade angle that absorbed 100X of the design power (6000 
HP) at that speed. The test was stopped once after twenty minutes to check 
the blades. 

8.2 DATA REDUCTION 

8.2.1 Steady Strain Data Reduction 

The devices used for on line monitoring of strain data during test were pri- 
marily intended to be used for observing the vibratory component of strain. 
Therefore the steady strains were not continuously monitored. Several DC 
shifts occurred in the strain data during test, but were not noticed until 
the data was played back. These shifts were not the result of a change in 
the steady strain levels, but occurred due to changes in the instrumentation 
DC voltage levels. DC shifts of the same magnitude occurred on every strain 
gage. 

The data shifts did not render the steady strain data useless. 'Since the 
magnitude of the DC shift was the same for all of the strain gages, the data 
could be normalized to a selected strain measurement and this normalized data 
could be compared to similarly normalized analytical predictions to verify^ 
trends in the data. The strain reading of gage 417 at 2038 RPM and a 25.8° 
blade angle was used to normalize all of the strain data for evaluation of 
data trends. 
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8.2.2 Blade Deflection Data Reduction 


The calculation of the section twist deflection from the optical deflection 
data is illustrated in Figure 8.2. The pitch angle of the blade section of 
interest is assumed to be proportional to the projected length of the section 
as described by equation 8.1. The change in projected length of the section 


6, = b/a Bo 

is equal to the axial deflection of the leading edge minus the axial deflec- 
tion of the trailing edge, which yields equation 8.2. Equations 8.1 and 

b = a+ (d 2 -d,) 

8.2 can then be combined to form equation 8.3 and the twist deflection of the 
section is computed from equation 8.4, 


a + (d 2 ~ d i ) 

6 1 = [ ] Bo 

a 


(8.3) 


AB - Bi - 6o 


a + ( d 2 — d, ) 

AG = [ ] 0o ~ 0o 

a 


(d 2 - d i ) 

AG = 0o + 0o — 0o 

a 


d 2 - d i 

AG = [ ] Bo 

a 


(8.4) 
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FIGURE 8.2 OPTICAL BLADE DEFLECTION MEASUREMENT SYSTEM 


8.3 TEST RESULTS AND DISCUSSION 


8.3.1 Prop-Fan Performance 

Table 8.2 shows a comparison of the predicted and measured thrust for the 
test points run. The comparison of the measured and predicted thrust and 
horsepower is indicative of how close the actual aerodynamic loads seen by 
the blades were to the loads used in the blade steady state structural analy- 
sis. Good agreement was obtained between measured and predicted thrust and 
power for test points 1 and 3, which correspond to blade angles of 22° and 
25.8° respectively. The thrust and power measured at test point 2 was signi- 
ficantly lower than predicted. Since test point 2 was run at a blade angle 
of 32°, the low measured power and thrust correlates with the shortfall in 
measured performance discussed in Section 6.0. 

TABLE 8.2. COMPARISON OF MEASURED AND PREDICTED THRUST AND POWER 


Test Point 

Power 

Measured 

(kW) 

Predicted 

Thrust 

Measured 

(N) 

Predicted 

1 

1924 

1826 

29183 

27546 

2 

3520 

4476 

32337 

40237 

3 

4518 

4476 

49030 

46806 


8.3.2 Steady Strain Results 

Figure 8.3 shows the increase in measured blade strain with rotational speed 
for strain gages 414, 415, 416 and 417. The strain is shown to increase with 
approximately the square of the rotational speed. This is expected because 
the strain is produced by centrifugal and aerodynamic loads that increase 
with the square of the rotational speed. At the overspeed condition of 2038 
RPM and 25.8° blade angle, the normalized radial distribution of strain com- 
pares very well with the predicted blade strain as shown in Figure 8.4. The 
measured distribution is shown to be slightly higher in the inboard portion 
of the blade than predicted. A more detailed comparison of the strain dis- 
tribution at all the locations where strain was measured is shown in Figure 
8.5. The comparison is very good except for the measurement on the trailing 
edge of the blade (gage 24) and at the tip of the blade (gage 416). At gage 
24 the strain is substantially higher than predicted while at gage 416 the 
measured strain is lower than predicted. 

8.3.3 Steady State Deflection Results 

Initial testing accomplished with the optical blade deflection measurement 
system revealed that the 50% span and 75% span stations on the horizontal 
blade were obscured from view by the blade in the 45° below horizontal posi- 
tion. Therefore blade deflection data was only collected at the tip blade 
station using the optical system. 
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FIGURE 8.3 


STRAIN VARIATION WITH ROTATIONA L S PEED, ( 33/4 25.8°, 

STRAIN NORMALIZED TO MAXIMUM, STRAIN GAGE 417 
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Normalized blade strain 



Non-dimensional radius, r/R 

FIGURE 8.4 SR-7L STEADY STRAIN RADIAL DISTRIBUTION DURING WPAFB 

OVERSPEED TESTS, TEST POINT NO. 3 (REF. TABLE 8.1 ), ( 3 3 / 4 = 25.8°. 
2038 RPM, STRAIN NORMALIZED TO MAXIMUM STRAIN GAGE 417 
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FIGURE 8.5 SR-7L STEADY STRAIN DURING THE OVERSPEED TESTS. 

TEST POINT NO. 3 (REF TABLE 8.1) 03/4 = 25.8°, 2038 RPM 
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8.3.3 (Continued) 


Figures 8.6 through 8.8 present the blade tip twist deflection as a function 
of the square of the Prop-Fan rotational speed. Data acquired both with the 
optical and laser systems is presented in these figures. The centrifugal and 
aerodynamic loads on the blades are proportional to the rotational speed 
squared. Therefore plotting blade deflection versus RPM squared should yield 
straight lines. Figures 8.9 through 8.11 present the deflection data taken 
at the 50% span, 75% span and tip blade stations overlayed on the calculated 
twist deflection distributions. 

Examination of the plots of blade deflection versus RPM squared revealed that 
the data acquired with the laser system is well behaved and approximates a 
straight line. However a large amount of scatter is seen in the optical 
data. The scatter may be due to some random fore and aft motion of the blade 
that was apparent when the blade was viewed through the scope. This unstead- 
iness made it difficult to accurately align the scope crosshairs with the 
leading and trailing edges and thus caused uncertainty in the blade deflec- 
tion measurements. 

Figures 8.9 through 8.11 indicate that better correlation of measured and 
calculated blade deflection was obtained at the tip using the laser system 
rather than the optical system. Comparing the measured and predicted blade 
deflection distributions between 50% span and the tip, some large percentage 
discrepancies are noted. However the actual error in terms of degrees is 
small, typically on the order of .3° to .4°. The characteristic shape of the 
spanwise distribution of blade twist also seems to be matched well by the 
data. It can therefore be concluded that the difference between the desired 
and actual deflected blade shapes did not significantly effect the aerody- 
namic performance of the Prop-Fan. 

8.3.4 Overspeed Test Results 

The overspeed test of the SR-7L produced centrifugal loads that were 1.44 
times greater than the centrifugal loads at 100% speed and aerodynamic pres- 
sures at the 80% radial station that were 1.8 times greater than those occur- 
ring at the design cruise condition due to the higher RPM and air density. 

The low vibratory response of the blade during overspeed tests shows that no 
unstalled flutter occurred at this condition and implied that no unstalled 
flutter will exist during flight testing at the design cruise condition. 

This implication is drawn because unstalled flutter is inversely proportional 
to dynamic pressure and the blades encountered higher dynamic pressures dur- 
ing overspeed testing than would occur during flight testing. 
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FIGURE 8 6 BLADE TIP TWIST DEFLECTION VS. ROTATIONAL SPEED, 
03/4 = 25 . 8 ° 
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FIGURE 8.7 BLADE TWIST DEFLECTION VS. ROTATIONAL SPEED. 03/4 - 22° 
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FIGURE 8.8 BLADE TWIST DEFLECTION VS. ROTATIONAL SPEED, 0’3/4 = 32° 
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FIGURE 8.9 COMPARISON OF MEASURED 8t PREDICTED BLADE TWIST DEFLECTION, 
TEST POINT NO. 1 (REF. TABLE 8.1 ) 03/4 = 22°. N = 1 700 RPM 
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FIGURE 8.10 


COMPARISON OF MEASURED & PREDICTED BLADE TWIST DEFLECTION, 
PCT POINT NO. 3 (REF TABLE 8.1 ) 03/4 “ 25 8 • N 2038 RPM 
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FIGURE 8.1 1 COMPARISON OF MEASURED & PREDICTED BLADE TWIST DEFLECTION, 
0 3/4 = 32°, N = 1 700 RPM 
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8.3.4 (Continued) 

Inspection of the Prop-Fan at the completion of the test revealed the 
fol lowi ng : 

. Small shell to foam delaminations present in two blades prior to 
initiation of the test did not grow during the test. 

. A new small shell to foam delamination was found in one blade. 

• All other hardware was in good condition. 
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9.0 


BLADE SURFACE STEADY PRESSURE MEASUREMENT 


9.1 Test Procedure 

The purpose of steady surface pressure testing was to determine the pressure 
distribution around airfoil sections at ten spanwise stations on the SR-7L 
blade. The pressure distribution was measured over a range of rotational 
speeds for blade angles of 21.7°, 32° and 38.3°. These blade angles were 
chosen to aid in the investigation of the stall buffet phenomenon, discussed 
in section 7.0 of this report and the corresponding reduction and leveling 
off of thrust with Increasing blade angle, discussed In section 6.0. This 
range of operating conditions allowed surface pressure data to be collected 
before the onset of stall buffet (6 3/4 - 21.7®), at the threshold of stall 
buffet (6 3/4 = 32°) and with the stall buffet well developed (B 3/4 = 38.3°). 

The locations of the pressure taps on the specially modified blade used for 
steady pressure measurement are depicted in Figure 9.1. Each column of pres- 
sure taps was connected to a radial channel embedded in the surface of the 
blade and leading to the blade shank. Each column is connected to one chan- 
nel of the scani valve. This system required that all pressure taps be 
capped, except at the spanwise station at which the pressure distribution was 
being determined. Capping of the pressure taps was accomplished by masking 
the blade surface with tape at the appropriate spanwise stations. In order 
to measure the pressure distribution over the entire blade surface for one 
operating condition, ten separate runs were required. 

The test procedure consisted of setting a blade angle and running the desired 
range of rotational speeds at that angle. Pressure data was recorded from 
every tap in the exposed chordwise row at each speed. The test rig was 
shutdown, the exposed row of taps was covered and a new row of taps was 
uncovered. Data was then taken at the same rotational speeds as the previous 
run. This procedure ensured that all of the data for a pressure map of the 
blade at a particular operating condition was gathered at a constant blade 
angle. This was critical, since the blade surface pressure distribution is 
sensitive to blade angle. The low pitch stop feature of the blade pitch 
actuator was also employed to prevent variation of the blade angle during 
surface pressure testing. Thrust and power were measured for each test 
point, to ensure that significant variations in these parameters did not 
occur, between test points at the same blade angle and RPM. 

The pressure tap blade was installed in rotor position number one. Due to 
fabrication constraints for this blade, it was heavier and had a slightly 
thicker airfoil section than the standard SR-7L blade. A heavier blade was 
installed in rotor position number five to balance the pressure measurement 
blade. The extra weight was added to this blade by applying a thicker ero- 
sion coating to the aerodynamic surface. Due to the aforementioned changes, 
the Prop-Fan rotor configuration employed for steady surface pressure testing 
was not identical to the configuration that was evaluated during structural 
dynamic testing. Therefore, vibratory strain was monitored throughout test- 
ing. The strain gage arrangement used to monitor the vibratory strains was 
identical to the arrangement illustrated in Figure 7.1, except that the pres- 
sure measurement blade in position one was not strain gaged. 
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FIGURE 9.1 STEADY PRESSURE BLADE. PRESSURE TAP NUMBERING AND LOCATIONS 
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9.1 (Continued) 

The Larqe Scale Advanced Prop-Fan is shown with the scanivalve and pressure 
bUd. installed in Figure 9.2. The stationary portion of he 
scanivalve was secured against rotation by cables, as shown in the figure. 

The steady pressure test points were run at rotational speeds c ° r |[®cted f ° r 
ambient temperature, so that the pressure data could be compared for a con 
stant blade surface Mach number. Test data was taken at points of constant 
corrected RPM. The rotational speed correction is calculated per equation 
9.1. The test points at which steady pressure data was acquired are listed 

in Table 9.1. 


273° + t ; 


RPM act - 

RPMcorr l\ 

V 273° + 15° 


where: 

t am b 

= ambient temperature, 

°C 

RPMcorr 

= corrected RPM 


RPMact 

= actual RPM at which 

data 


TABLE 9.1. STEADY 

PRESS 

Press. Tap 


Temp 

Row 

B 3/4 

(°C) 

10 

21 .7° 

18 

9 

21 .7° 

17 

8 

21 .7° 

16 

7 

21 .7° 

16 

6 

21 .7° 

15 

5 

21 .7° 

16 

4 

21 .7° 

15 

3 

21 .7° 

14 

2 

21 .7° 

13 

1 

21 .7° 

12 

10 

32.0° 

21 

9 

32.0° 

21 

8 

32.0° 

21 

7 

32.0° 

21 

6 

32.0° 

21 

5 

32.0° 

12 

4 

32.0° 

12 

3 

32.0° 

12 

2 

32.0° 

12 

1 

32.0° 

12 

10 

38.3° 

24 

9 thru 1 

38.3° 

19 


(9.1) 


RPMacC 

906,1308,1508,1709, 

903,1305,1505,1705, 

902.1302.1503.1702, 

902.1302.1503.1703, 
900 , 1 300 , 1 500 , 1 700 , 

902.1302.1503.1704, 
900,1300,1500,1700, 
898,1298,1497,1697, 
897,1295,1495,1694, 
895,1293,1492,1692, 

909.1313.1516.1717 

909.1313.1516.1718 

909,1313,1516,1718 

909,1313,1516,1718 

909,1313,1516,1718 

895,1293,1492,1691 

895,1293,1492,1691 

895,1293,1492,1691 

895,1293,1492,1691 

895,1293,1492,1691 
914 

906 


1791 

1786 

1783 

1783 
1780 

1784 
1780 
1777 
1774 
1771 
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FIGURE 9.2 SR-7L PROP FAN WITH STEADY PRESSURE BLADE 
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9.1 (Continued) 

Cycling of the scanivalve between channels created pressure pulses in the 
system that could effect the blade surface pressure data. To alleviate this 
problem, a settling time of ten seconds was allowed before recording data. 

This provided sufficient time for the pressure pulse to damp out to a level 
much lower than the blade surface pressure. 

9.2 Data Reduction Procedure 

The blade surface pressure data was corrected for centrifugal field effects, 
nond 1 mens 1 onal 1 zed to pressure coefficient form and then plotted versus per- 
cent chord for the face and camber surfaces. The pressure coefficient data 
was Integrated to determine the airfoil section normal force coefficient. 

Centrifugal corrections to the blade surface pressure data are required be- 
cause the transducer that measures the pressure is located in the scanivalve 
on the centerline of rotation, while the pressure taps are located at various 
radii on the blade surface. Therefore, due to the pressure head created by 
the centrifugal field, the pressure measured by the transducer is lower than 
the actual pressure at the tap. The variation of pressure with radius is 
given by equation 9.2 (reference 11) 

dp/dr = pu 2 r (9.2) 


where: 

p = density of air (kg/m 3 ) 
a) = Prop-Fan Speed (1/s) 
r = radius to pressure tap (m) 

Density is then expressed in terms of pressure and temperature, using the 
ideal gas law, and substituted into equation 9.2 to yield equation 9.3. 

p« 2 r 

dp/dr = (9.3) 

Rt 


Finally, integrating from the centerline to the radial location of the pres- 
sure tap of interest, results in equation 9.4 


P = 


p T exp 


2 _ 2 

co r 


L2Rt 


(9.4) 


where: 

p T = pressure measured by the transducer. Pa 
t = ambient temperature, °K 
R = gas constant for air, m 2 /s 2 °K 
p = actual pressure at tap. Pa 
exp = exponential 


85 



9.2 (Continued) 

The blade surface pressure coefficient was computed from equation 9.5 


Cp u , ft 


P - PO 
1/2 pw 2 r z 


(9.5) 


where: 

Cp = pressure coefficient 
p * local static pressure at tap. Pa 
po - ambient static pressure. Pa 
p = ambient density, kg/m z 
r * radius at tap, m 
u * rotational speed, 1 /s 
u = upper (camber) surface 
t = lower (face)surface 

The airfoil section normal force coefficient was computed by numerical 
integration of the area between the face and camber surface plots of pressure 
coefficient versus the percent chord. The nornial force is defined as the 
force perpendicular to the airfoil section chord line, resulting from the 
pressure distribution around the airfoil. The force coefficient is defined 
by equation 9.6. 



where: 


AP 

= Cp - Cp 
q 

C P = upper (camber) surface C P 

u 

C p = lower (face) surface C P 

a 

C = chord, m 

q 3 l /2 po 2 r 2 , Pa 

x = chordwise position 

c 

Fn = section normal force, N/m 
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9.2 (Continued) 

In order to verify that the measured pressure distribution is accurate, the 
thrust measured by the test rig is compared with the approximate thrust de- 
termined by integration of the pressure acting on the blade. Figure 9.3 de- 
picts a typical blade airfoil section. Biocai is the angle between the 
section chord line and the plane of rotation of the Prop-Fan at any station. 
The force acting on the airfoil section is shown resolved into components 
normal to and coincident with the chord line. The thrust per unit blade span 
is then given by equation 9.7. 

T = Fn cos Biocai — fc sin Biocai (9.7) 

where: T = thrust per unit blade span, N/m 
F n * section normal force, N/m 
F c = section chordwise force, N/m 

For small values of Biocai. it may be assumed that Fc sin Biocai is much 
less than Fn cos B,«,c.i. Therefore the thrust per unit of blade is 
approximated by equation 9.8. 

T = Fn cos Biocai (9.8) 

Fn is calculated from the experimentally determined normal force coefficient 
by equation 9.9. 

Fn = 1/2 pu 2 r 2 Cn C (9 - 9 ' 

The thrust is then computed by numerically integrating the thrust per unit 
span from the blade root to the tip and multiplying by 8, the number of 
blades. 

9.3 RESULTS AND DISCUSSION 

The blade surface pressure data obtained was generally well behaved. The 
shape of the curves of pressure coefficient versus percent chord was reason- 
able for all of the blade stations at which the data was taken. No signifi- 
cant time dependent variation of surface pressure was noted at the pressure 
taps located on the face surface of the blades, however unsteady surface 
pressure behavior was noted at several of the taps on the camber surface of 
the blade. When the pressure data was plotted versus percent chord, the 
fluctuation of surface pressure with time caused a few of the points to be 
inconsistent with the majority of the data. These points were deleted prior 
to drawing the pressure coefficient distribution curves. All of the pressure 
coefficient data are tabulated In Appendix II. 

Figures 9.4 through 9.13 present the variation of the chordwise pressure co- 
efficient distribution with blade angle for each of the ten blade stations at 
which data was taken. The data was collected at a rotational speed of 900 
RPM and at blade angle of 21.7°, 32° and 38.3 degrees. At some of the out- 
board stations there were no pressure taps closer than 10% of the chord to 
the leading edge. Therefore the shape of the pressure coefficient curve in 
the vicinity of the leading edge was extrapolated, guided by the requirement 
that the pressure coefficient must equal unity at the stagnation point. 
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FIGURE 9.3 RESOLUTION OF NORMAL AND CHORDWISE FORCE INTO THRUST 
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FIGURE 9.4 SR-7 PRESSURE DISTRIBUTION. r/R = 0.287 
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FIGURE 9.5 SR -7 PRESSURE DISTRIBUTION. r/R = 0.361 
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FIGURE 9.6 SR -7 PRESSURE DISTRIBUTION, r/R = 0.454 
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FIGURE 9.7 SR -7 PRESSURE DISTRIBUTION. r/R = 0.556 




FIGURE 9.8 SR-7 PRESSURE DISTRIBUTION, r/R = 0.648 
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FIGURE 9.9 SR -7 PRESSURE DISTRIBUTION, r/R = 0.722 
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FIGURE 9.10 SR-7 PRESSURE DISTRIBUTION, r/R = 0.800 
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FIGURE 9.1 1 SR-7 PRESSURE DISTRIBUTION, r/R = 0.861 
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FIGURE 9.1 2 SR -7 PRESSURE DISTRIBUTION, r/R = 0.917 
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FIGURE 9.13 SR -7 PRESSURE DISTRIBUTION. r/R = 0.963 




9.3 (Continued) 

The variation of blade surface pressure distribution with blade angle indi- 
cates why measured thrust begins to fall short of predicted thrust for blade 
angles greater. than 32°, as discussed in section 6.0. Data presented in 
Figure 9.4 for the inboard most station (r/R = .287) shows that the area be- 
tween the face and camber side pressure distribution curves increases con- 
tinuously as blade angle is varied from 22° to 38°. This implies that the 
airfoil section normal force coefficient increases continuously with blade 
angle from 22° to 38° at the inboard sections of the blade. Data presented 
in Figure 9.13 for the outboard most blade section, at which data was col- 
lected (r/R = .961), reveals that the area between the face and camber side 
pressure distribution curves decreases steadily, as blade angle is increased 
from 22 to 38 , implying that the section normal force coefficient also de- 
creases continuously. 

Figure 9.14 shows the distribution of the section normal force coefficient 
versus percent span on the blade for 900 RPM and a range of blade angles. 

The normal force coefficient was determined by integration of the pressure 
distribution data as described in section 9.2. For a blade angle of 22° a 
sharp rise in section normal force coefficient is noted near the tip of the 
blade (.93 < r/R < 1.0). For blade angles of 32° and 38° a decrease in nor- 
mal force coefficient is noted in the tip region. Since thrust does not in- 
crease as the blade angle advances beyond 30°, it is concluded that the in- 
crease in loading in the inboard portion of the blade is being offset by the 
decrease In loading of the blade tip. The normal force coefficient distri- 
bution for 1300 RPM and a 32° blade angle is also compared to the 32° blade 
angle data taken at 900 RPM. This comparison shows minor variation of the 
section normal force coefficient with RPM as would be expected. 

Figure 9.15 shows the variation of the SR-7L blade loading with span as de- 
termined from the normal force coefficient data for a 22° blade angle. In- 
tegration of the area under this curve yields a thrust of 6476N (1456 lb f ) 
as compared to the 7495N (1685 lb f ) thrust determined by the test riq 
thrust measurement system. 

The calculated SR-7L blade loading distribution is overlayed on the experi- 
mentally determined distribution in Figure 9.16 for 900 RPM and a 22° blade 
angle. Comparison of these curves shows that the analytical technique pre- 
dicts a higher loading inboard and lower loading outboard than was measured. 

The analytical tools used to design the SR-7L Prop-Fan blade do not predict 
the sudden increase in section normal force coefficient in the vicinity of 
the blade tip which is illustrated in Figure 9.14 for a blade angle of 22° 

The large spanwise gradient in section normal force coefficient suggests 
that it is the result of a very localized phenomenon. One explanation could 
be the generation of vortex lift at the blade tip. This may be caused by 

the same type of vortex flow, found on swept wing aircraft, occurring on the 
Prop-Fan Blades. 
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FIGURE 9.14 SR-7L BLADE NORMAL FORCE COEFFICIENT VS. RADIUS RATIO. 
rpm CORR " 900 
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9.3 (Continued) 


The vortex lift can be generated in two ways. A vortex sheet may separate 
at the leading edge of the blade and become reattached on the suction sur- 
face. The vortex reduces the pressure on the suction surface, thus increas- 
ing lift. A similar flow pattern can occur along the tip edge of the blade. 
The reduction of the blade loading to zero at the tip causes radial flow 
that is outward on the blade pressure surface and inward on the blade suc- 
tion surface. Flow going around the tip may separate causing the same type 
of vortex to form on the blade suction surface (Reference 12). 

For static operation it is hypothesized that as the blade angle, (B 3/4) is 
increased beyond 30°, the suction surface vortex breaks down and the addi- 
tional lift that it contributes at the tip is lost. The breakdown of the 
vortex could also generate turbulence which may be the exciting force for 
the blade buffet discussed in section 7.0 of this report. 
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10.0 BLADE SURFACE UNSTEADY PRESSURE TESTING 


10.1 Test Procedure 

The primary purpose of unsteady pressure testing was to evaluate the capa- 
bility of transducers Installed on the SR-7L blade to measure time varying 
pressures on both the face and camber side surfaces of the blades. If the 
transducers demonstrated sufficient accuracy and sensitivity, the unsteady 
pressure data could also be correlated with the blade structural dynamic be- 
havior discussed in section 7.0. The impetus for developing the ability to 
monitor unsteady blade surface pressures was the wind tunnel and flight 
testing planned as a follow on to the Static Rotor Test. Operation of the 
Prop-Fan at a yaw angle relative to the flow was Included in the agenda for 
the High Speed Wind Tunnel test. Operation at a yaw angle results in a con- 
tinuous variation of the angle of attack seen by the blade as it rotates 
through 360°. This yields a IP cylical variation of the surface pressure. 
Flight testing of the Large Scale Advanced Prop-Fan during the Prop-Fan Test 
Assessment Program, will also involve yawed and pitched flight attitudes. 

The proximity of the Prop-Fan to the aircraft wing and engine inlet also 
gives rise to a twice per revolution aerodynamic disturbance, resulting in a 
time dependent variation of the blade surface pressure. 

Twenty six pressure transducers were installed in two rows on the face and 
camber sides of the blade, that was specially fabricated for unsteady pres- 
sure testing. The location of the transducers is shown in Figure 10.1. The 
unsteady pressure measurement blade is shown in Figure 10.2. The pressure 
transducers were mounted flush with the airfoil surface. The sensor and 
excitation wires from each transducer were embedded in the blade surface and 
run to attenuating resistors located on the surface of the blade root air- 
foil section. The function of the attenuating resistors was to establish 
the pressure signal gain for each of the transducers. The wires were then 
connected to signal conditioning electronics located inside the blade cuff. 

The dynamic pressure range for the transducers used in the unsteady pressure 
measurement blade was + 15 psi . The frequency response of the system was 0 
to 1000 Hz. Prior to the Static Rotor Test an evaluation program was con- 
ducted to determine the sensitivity of the transducers to temperature, 
strain vibration and a centrifugal field. The results of this program indi- 
cated a maximum 2% error due to temperature in the range of 0 to 130°F and a 
maximum 0.92% error due to all other factors. 

The unsteady pressure measurement blade was installed in position number six 
of the rotor. A counter-balance blade was installed in position number two 
to compensate for the slightly higher weight of the unsteady pressure blade 
as compared to the standard SR-7L blade. The pressure signals were trans- 
mitted from the rotary to the stationary field through the electronic data 
acquisition system. Strain gage 415 (reference Figure 7.1) was employed to 
monitor blade vibration. The unsteady pressure signals were recorded using 
the Honeywell 101 IRIG tape recorder. Real time monitoring of the unsteady 
pressure signals was accomplished using the four channel oscilloscope. 
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STA 49 
o(r/R = 0.921) 


STA 35 
(r/R = 0.648) 


Locations — % Chord 

PT1F & PT19C 16.58 

PT2F & PT18C 29.85 

PT3F & PT17C 43.11 

PT4F & PT16C 56.38 

PT5F & PT15C 69.64 

PT6F & PT14C 89.54 

PT7F & PT26C 4.93 

PT8F & PT25C 10.00 

PT9F & PT24C 23.33 

PT10F & PT23C 36.66 

PT11F & PT22C 49.99 

PT12F & PT21C 63.32 

PT13F & PT20C 83.33 


FIGURE 10.1 UNSTEADY PRESSURE BLADE, TRANSDUCER LOCATIONS 
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FIGURE 10.2 UNSTEADY PRESSURE BLADE 
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10.1 (Continued) 


In order to produce a time variation of the pressure sensed by the transduc- 
ers during a static test, an aerodynamic obstruction was erected in front of 
the Prop-Fan. The obstruction was a four inch diameter cylinder that 
spanned from the blade root to well beyond the blade tip. The centerline of 
the cylinder was located 24 inches in front of the blade pitch change axis. 
The wake generated by the inflow to the Prop-Fan, passing over the obstruc- 
tion, was Intended to create a once per revolution disturbance for the 
transducers to pass through. The Large Scale Advanced Prop-Fan is depicted 
with the obstruction in place in Figure 10.3. 

Data from the pressure transducers was recorded at each Prop-Fan operating 
condition both with the obstruction in place and with the obstruction re- 
moved. The desired range of rotational speeds were run at a constant blade 
angle without the obstruction. The obstruction was then put in place and 
the same corrected speeds were rerun. The blade angle was then increased 
and the procedure repeated. The rotational speeds for data points were spe- 
cified as RPM corrected for ambient temperature. This allowed pressure data 
to be compared for a constant blade surface Mach number rather than a con- 
stant propeller speed. The speed correction was calculated per equation 
9.1. The test points run with the unsteady pressure measurement blade are 
1 i sted i n Table 10.1. 



TABLE 10.1. TEST 

POINTS FOR UNSTEADY 

PRESSURE TESTING 

B 3/4 


Temp. 


(Deq.) 

RPM 

<°C> 

Obstruction 

21.9 

594 

9 

None 

21.9 

891 

9 

None 

21.9 

1286 

9 

None 

21.9 

1484 

9 

None 

21.9 

1682 

9 

None 

21.9 

1880 

9 

None 

21.9 

594 

9 

4" diameter cyl inder 

21.9 

891 

9 

4" diameter cyl inder 

21.9 

1286 

9 

4" diameter cyl inder 

21.9 

1484 

9 

4" diameter cyl i nder 

21.9 

1682 

9 

4" diameter cyl i nder 

21.9 

1880 

9 

4" diameter cyl inder 

31 .7 

592 

8 

None 

31 .7 

887 

8 

None 

31.7 

1282 

8 

None 

31.7 

1478 

8 

None 

31.7 

1676 

8 

None 
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FIGURE 10.3 STATIC ROTOR TEST UNSTEADY PRESSURE MEASUREMENT 

BLADE INSTALLED; CYLINDRICAL OBSTRUCTION IN PLACE. SECURED 
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TABLE 10.1. 

TEST POINTS 

FOR UNSTEADY PRESSURE 

TESTING (Continued) 

6 3/4 


Temp. 



(Deg. ) 

RPM 

(°C) 


Obstruction 

31 .7 

596 

11 

4" 

diameter cylinder 

31 7 

894 

11 

4" 

diameter cyl inder 

31 .7 

1291 

11 

4" 

diameter cylinder 

31 .7 

1490 

11 

4" 

diameter cylinder 

3K7 

1688 

11 

4" 

diameter cyl inder 

38.2 

596 

11 


None 

38.2 

894 

11 


None 

38.2 

1192 

11 


None 

38 2 

596 

11 

4" 

diameter cylinder 

38.2 

894 

11 

4" 

diameter cylinder 

38.2 

1192 

11 

4" 

diameter cylinder 

32 0 

600 

15 

4" 

cyl i nder wi th plate 

32.0 

900 

15 

4" 

cyl inder with plate 

32.0 

1200 

15 

4" 

cyl inder with plate 

32.0 

1700 

15 

4" 

cylinder with plate 


10.2 Data Reduction Procedure 

The unsteady pressure data was first reduced to plots of pressure versus 
time for a period of 80 msec, equivalent to from one to two revolutions of 
the Prop-Fan rotor depending on the rotational speed. A wave form averaging 
technique was employed so that the data presented represents an average tak- 
en over 400 revolutions of the rotor, A constant phase was maintained for 
the data acquired from each revolution, so that averaging enhanced data that 
was periodic in nature and tended to eliminate noise, due to its random na- 
ture. 

Spectral analysis of unsteady pressure data was also conducted. The analy- 
sis was accomplished for data taken from each transducer at 1200 RPM, with- 
out the obstruction for blade angles of 22* , 32° and 38°. The purpose was 
to determine If the frequency content of the pressure signals corresponded 
to the frequency content of the blade vibration during the stall buffet 
phenomenon discussed in section 7.0. It was also desired to determine the 
location of the airfoil section, where the unsteady pressure amplitude first 
began to increase with increasing blade angle. 
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10.3 Results and Discussion 

At the start of unsteady pressure testing It was determined that transducers 
PT2F and PT13F were not functional. Pressure data obtained from transducer 
PT7F with and without the cylindrical obstruction in place at a blade angle 
of 32° is shown in Figure 10.4. Comparison of data with and without the ob- 
struction did not show any indication that an aerodynamic disturbance was 
sensed by the transducer. This data was typical for all of the functional 
transducers on the blade. It was concluded that either the obstruction was 
not generating a significant wake or the transducers were not passing through 
the wake, due to a large radial component of the Inflow to the Prop-Fan. 
Radial Inflow is typical of propeller static operation. 

The aerodynamic obstruction was altered in order to generate a wake that 
would be Intersected by the blade stations containing the transducers. The 
modification consisted of attaching plates to the cylindrical post as shown 
in Figure 10.5. Tufts were also attached to the obstruction In an attempt to 
visualize the Inflow to the Prop-Fan passing around the obstruction. The 
motion of the tufts was recorded on video tape. 

When testing was resumed with the modified obstruction in place, a once per 
revolution pressure pulse was detected by most of the transducers located on 
blade station 35.0. The amplitude and the width of the pulses were variable 
from transducer to transducer at that station. Figures 10.6 through 10.9 
show plots of the surface pressure versus time at the transducer locations 
where the pressure pulse was most pronounced. 

The pressure pulse was not detected by any of the transducers on blade sta- 
tion 49.0. A review of the videotape of the run indicated that the wake 
eminating from the plate obstruction may not have been intersected by blade 
station 49.0. Therefore the failure to detect the wake at that station does 
not indicate a shortcoming of the Instrumentation. 

The transducers demonstrated the ability to detect pressure pulses of 13.80 
Pascal (.2 psig) amplitude and durations of less than 10 milliseconds. 
Therefore the transducer installation in the unsteady pressure measurement 
blade provides sufficient sensitivity and frequency response for use in wind 
tunnel or flight testing. 

The spectral analyses of the pressure data taken without the obstruction in 
place did not indicate any specific frequency content for the pressure data. 
Instead, an increase in pressure amplitude over a broad frequency band is 
noted as the blade angle is increased. If the breakdown of a tip vortex is 
in fact what is exciting the blade buffet response, the transducers may not 
be located far enough outboard on the blade to detect it. 
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FIGURE 10.6 PRESSURE DATA, TRANSDUCER PT8F, PLATE OBSTRUCTION 0% - 32°, 1200 RPM 
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FIGURE 10.7 PRESSURE DATA TRANSDUCER PT9F, PLATE OBSTRUCTION, 0% - 32°, 1200 RPM 
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FIGURE 10.8 PRESSURE DATA, TRANSDUCER PT21C, PLATE OBSTRUCTION, 0% - 32°, 1200 RPM 
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11.0 CONCLUSIONS AND RECOMMENDATIONS 


The Static Rotor Test has provided ^an^e* tens ive^evaluatton^of^the perfo^-^ 

test objectivesVegardlng acquisition of date .were «c«p|1 she. l and MJ, 

du"ois e in e the n !reas of aerodynamic ? er ^^“ e a f tr b u J^' e '^r P ?evlnro b p-" 

eraSion"^ t^l^g^e? rfUwM <6000 Hp) from being achieved at 100% 
speed 0 ” The conclusion and recommendation derived from each phase of the 
Static Rotor Test are presented in the following sections. 

11.1 Aerodynamic Performance 

Measured aerodynamic performance of the Prop-Fan; '^irEladfahglesIbSve 
30 ®' the C thrust b produced f and b power a absorbed £ SeVrop-Fan -Slower than 

iH 3s s ssmi 

shape of the LAP static performance .curves were Ms jn,f n 
11.2 Structural Dynamics 

Blade vibratory stresses were fo und to ^whufmelsMed 

unsteady, non-sinusoidal and its onset was not sudden. ^J^JJ^'to 

variatio^o^natura^frequenc^wi t^RPM^an^blade^angle ias also clearly 

observed . 
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3 steady Stress. Deflection and Over speed Testing 


The analytical techniques used In the blade ^ s ’ 9 \process accurately pre- 

s'sSSSss^rHs? 

have a significant impact on Prop-Fan aerodynamic performance. 


PRECEDING PAGE BLANK NOT FILMED 



11.3 (Continued) 


The structural integrity of the Prop-Fan was verified by successful opera- 
tion at 120% of design speed and 100% design power for one hour. The low 
vibratory stresses observed during the overspeed test suggest that classical 
unstalled flutter will not be a problem at the design cruise condition. 

11-4 Blade Surface Steady Pressure Measurement 

The blade surface steady pressure data indicates that at low blade angles, 
the tip region of the blade is more highly loaded than was predicted by the 
design analysis. This may be the result of a vortex attached to the blade 
suction surface in the vicinity of the blade tip. The vortex would tend to 
reduce the suction surface pressure. As blade angle is increased beyond 
30°, much of the tip loading is lost, contributing to the observed reduction 
and leveling off of thrust. The loss of loading may be due to the breakdown 
of the vortex or detachment of the vortex from the suction surface. Turbu- 
lence due to the breakdown of the vortex may also be the exciting force for 
the stall buffet phenomenon. 

11.5 Blade Surface Unsteady Pressure Testing 

The suitability of instrumentation, installed in one SR-7L Prop-Fan blade, 
to monitor time varying pressures on the blade surfaces was verified. The 
failure of transducers, installed on the 1.24 meter (49 inch) bl-ade station, 
to sense a time varying pressure is attributed to that station not passing 
through the wake caused by the aerodynamic obstruction. The inflow to the 
Prop-Fan had a larger radial component than was expected resulting in the 
wake not being intersected by the outboard blade section. No correlation 
was found between the unsteady pressure data and the stall buffet. If the 
excitation of the blade is Indeed the result of an aerodynamic phenomenon 
occurring near the blade tip, the transducers may not have been installed 
for enough outboard to detect it. 
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APPENDIX I 

CORRECTED THRUST AND POWER AND IRP STRAIN 
FOR AERODYNAMIC PERFORMANCE AND STRUCTURAL DYNAMIC TEST POINTS 
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67.0 

63.0 

40.0 

45.0 

p 

CM 

in 

47.0 

GAGE 52 
IRP 

MICRO 

STRAIN 

102.0 

© 

d 

o 

97.0 

96.0 

246.0 

o 

to 

415.0 

393.0 

548.0 

110.0 

o 

CM 

05 

o 

d 

o 

91.0 

95.0 

94.0 

105.0 

o 

d 

196.0 

o 

in 

110.0 

102.0 

95.0 

93.0 

o 

d 

00 

— 

0*68 

o 

00 

70.0 

o 

00 

92.0 

0X6 

GAGE 32 
IRP 

MICRO 

STRAIN 

o 

d 

o 

o 

CO 

o 

o 

o 

o 

d 

o 

232.0 

592.0 

O’OOt 

429.0 

593.0 

© 

d 

81.0 

98.0 

© 

05 

00 

0*66 

0*86 

111.0 

o 

d 

in 

211.0 

j 146.0 

109.0 

o 

d 

o 

93.0 

90.0 

83.0 

83.0 

84.0 

68.0 

67.0 

77.0 

73.0 

GAGE 22 
IRP 

MICRO 

STRAIN 

0.0 

0.0 

0.0 

0.0 

0.0 

o 

d 

00 

0.0 

a 

d 

o 

d 

0.0 

0.0 

0*0 

0.0 

0.0 

0.0 

p 

d 

0*0 I 

0.0 

p 

d 

p 

d 

o 

o 

p 

d 

p 

d 

p 

d 

p 

d 

p 

d 

0*0 

o 

o 

00 

GAGE 12 
IRP 

MICRO 

STRAIN 

115.0 

106.0 

103.0 

o 

o 

o 

o 

GO 

CM 

642.0 

406.0 

430.0 

© 

CM 

CM 

in 

119.0 

95.0 

o 

o 

86.0 

91.0 

91.0 

106.0 

148.0 

211.0 

164.0 

137.0 

132.0 

130.0 

o 

in 

CM 

T“ 

117.0 

114.0 

109.0 

O 

d 

CO 

o 

CO 

83.0 

71.0 

RUN NO. 

rt 

CO 

in 

CO 

*0 

CO 

r- 

co 

O 

Tt 

T" 

Tt 

CM 

CO 

** 

3 

in 

to 

r- 

Tf 

00 

05 

o 

in 

in 

CM 

in 

CO 

in 

rf 

in 

in 

in 

CO 

in 

in 

CO 

m 

05 

in 

o 

to 

tO 

m 

to 

in 

CO 

r*- 

to 

00 

to 

z 

o 

a. 

a 

CJ 

w 

LU 

c 

HOOK-UP II 


i 

% 
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s 

t 
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* 


* 


* 

s 



t 

__ 

5 

* 

* 

s 

£ 
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GAGE 82 
IRP 

MICRO 

STRAIN 

75.0 

o 

o' 

00 

82.0 

o 

00* 

CO 

83.0 

p 

00 

oo 

| 0 66 

o 

d 

101.0 

o 

d 

o 

0*86 

0*56 

88.0 

82.0 

153.0 

111.0 

134.0 

144.0 

160.0 

187.0 

209.0 

200.0 

193.0 

206.0 

o 

ai 

co 

CM 

O 

Tt 

CM 

CM 

239.0 

o 

o 

GO 

CM 

232.0 

215.0 

GAGE 72 
IRP 

MICRO 

STRAIN 

006 

98.0 

98.0 

113.0 

p 

© 

119.0 

134.0 

140.0 

137.0 

133.0 

129.0 

123.0 

116.0 

o 

Cf> 

168.0 

p 

d 

136.0 

150.0 

169.0 

209.0 

215.0 

p 

CO 

CM 

217.0 

233.0 

247.0 

241.0 

o 

T- 

Tf 

CM 

266.0 

o 

rf 

CM 

239.0 

GAGE 62 
IRP 

MICRO 

STRAIN 

49.0 

56.0 

56.0 

68.0 

66.0 

75.0 

91.0 

93.0 

0*68 

o 

rt 

CO 

r £ 

81.0 

o 

in 

71.0 

79.0 

130.0 

o 

CO 

CO 

117.0 

p 

d 

151.0 

189.0 

190.0 

195.0 

193.0 

o 

CM 

CM 

229.0 

232.0 

232.0 

222.0 

221.0 

215.0 

GAGE 52 
IRP 

MICRO 

STRAIN 

97.0 

p 

T“ 

o 

p 

o 

o 

© 

112.0 

116.0 

130.0 

136.0 

128.0 

O 

in 

CM 

p 

CO 

113.0 

105.0 

86.0 

146.0 

113.0 

126.0 

150.0 

163.0 

202.0 

215.0 

211.0 

215.0 

242.0 

245.0 

246.0 

258.0 

274.0 

243.0 

o 

in 

CO 

CM 

GAGE 32 
IRP 

MICRO 

STRAIN 

o 

ur> 

CO 

068 

93.0 

106.0 

p 

o 

o 

d 

CM 

137.0 

144.0 

138.0 

134.0 

128.0 

123.0 

121.0 

135.0 

234.0 

263.0 

142.0 

p 

00 

tn 

179.0 

222.0 

p 

CO 

T" 

CM 

231.0 

242.0 

264.0 

p 

CO 

r- 

CM 

298.0 

331.0 

o 

r- 

co 

351.0 

o 

CM 

CO 

GAGE 22 
IRP 

MICRO 

STRAIN 

0.0 

o 

o 

o 

o 

o 

o 

0.0 

p 

d 

p 

d 

p 

d 

0.0 

p 

d 

0.0 

0*0 

0.0 

118.0 

131.0 

129.0 

156.0 

p 

o 

CO 

197.0 

224.0 

224.0 

217.0 

222.0 

p 

T“ 

CM 

CM 

229.0 

o 

CM 

CO 

CM 

250.0 

263.0 

268.0 

248.0 

GAGE 12 
IRP 

MICRO 

STRAIN 

72.0 

71.0 

79.0 

92.0 

95.0 

© 

136.0 

151.0 

o 

| 

145.0 

138.0 

127.0 

118.0 

o 

d 

o 

168.0 

156.0 

O 

ai 

in 

T— 

178.0 

179.0 

218.0 

o 

CM 

T” 

CM 

p 

CM 

CM 

CM 

230.0 

p 

T— 

in 

CM 

o 

in 

CM 

260.0 

281.0 

293.0 

272.0 

256.0 

RUN NO. 

69 

70 

71 

72 

73 

74 

75 

76 

LL 

78 

79 

© 

00 

CO 

94 

95 

96 

97 

98 

66 

100 

101 

102 

103 

104 

105 

106 

107 

108 

109 

110 
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GAGE 82 
IRP 

MICRO 

STRAIN 

316.0 

456.0 

o 

r> 

<0 

471.0 

542.0 

757.0 

47.0 

o 

rt 

in 

0’CS 

56.0 

63.0 

60.0 

o 

CO 

in 

59.0 

85.0 

61.0 

70.0 

© 

o 

r^. 

OOZ 

386.0 

67.0 

70.0 

71.0 

o 

o 

c- 

0ZL 

46.0 

o*es 

56.0 

59.0 

64 0 

i 

! 

1 

GAGE 72 
IRP 

MICRO 

STRAIN 

356.0 

469.0 

490.0 

o 

CO 

CO 

Tf 

604.0 

o 

© 

CO 

37.0 

45.0 

© 

© 

42.0 

62.0 

46.0 

52.0 

69.0 

o 

o 

CO 

69.0 

o 

to 

— 

60.0 

55.0 

335.0 

© 

in 

in 

57.0 

o 

in 

in 

o 

in 

in 

o 

ai 

in 

39.0 

43.0 

47.0 

49.0 

o 

© 

in 


GAGE 62 
IRP 

MICRO 

STRAIN 

367.0 

530.0 

533.0 

© 

to 

CO 

in 

618.0 

1 815.0 

41.0 

47.0 

© 

in 

** 

a 46.0 

61.0 

49.0 

o 

in 

72.0 

86.0 

0’99 

009 

58.0 

57.0 

347.0 

55.0 

56.0 i 

54.0 

55.0 

53.0 

44.0 

49.0 

53.0 

o 

m 

53.0 


GAGE 52 
IRP 

MICRO 

STRAIN 

362.0 

495.0 

513.0 

511.0 

609.0 

794.0 

41.0 

44.0 

o 

CO 

43.0 

67.0 

47.0 

56.0 

o 

h- 

o 

CO 

CO 

63.0 

56.0 

o 

in 

in 

53.0 

353.0 

52.0 

53.0 

51.0 

52.0 

o 

in 

p 

5 

42.0 

46.0 

49.0 

009 


GAGE 32 
IRP 

MICRO 

STRAIN 

372.0 

557.0 

540.0 

513.0 

592.0 

862.0 

69.0 

o 

CO 

82.0 

91.0 

o 

CO 

o 

108.0 

115.0 

o 

o 

CM 

132.0 

© 

o 

o 

o’ 

o 

93.0 

89.0 

400.0 

90.0 

87.0 

83.0 

83.0 

o 

CO 

73.0 

p 

CO 

91.0 

97.0 

106.0 


GAGE 22 
IRP 

MICRO 

STRAIN 

344.0 

503.0 

465.0 

O 

CO 

CD 

Tt 

o 

CO 

in 

in 

830.0 

69.0 

73.0 

67.0 

63.0 

76.0 

58.0 

60.0 

68.0 

o 

N*’ 

1"- 

59.0 

56.0 

56.0 

55.0 

o 

o 

in 

n 

66.0 

63.0 

61.0 

60.0 

58.0 

o 

CO* 

to 

O 

o’ 

N* 

71.0 

71.0 

68.0 

GAGE 12 
IRP 

MICRO 

STRAIN 

355.0 

o 

in 

509.0 

520.0 

0 009 

855.0 

57.0 

65.0 

57.0 

58.0 

64.0 

58.0 

61.0 

71.0 

75.0 

63.0 

56.0 

o 

** 

in 

53.0 

350.0 

46.0 

47.0 

46.0 

47.0 

47.0 

54.0 

59.0 

009 

59.0 

63.0 

RUN NO. 

CM 

r- 

173 

Tf 

r— 

175 

176 

177 

178 

179 

180 

181 

CM 

OO 

183 

184 

185 

186 

187 

CO 

00 

189 

190 

m 

192 

193 

194 

195 

196 

197 

CO 

03 

T— 

199 

o 

o 

CM 

201 | 
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GAGE 813 
IRP 

MICRO 

STRAIN 

74.0 

70.0 

68.0 

72.0 

o 

CO 

o 

CM 

445.0 

o 

d 

408.0 

521.0 

o 

d 

CO 

74.0 

79.0 

Oil 

81.0 

0*98 

o 

d 

OO 

101.0 

© 

d 

117.0 

91.0 

o 

cm’ 

00 

83.0 

73.0 

68.0 

66.0 

68.0 

41.0 

ocs 

59.0 

58.0 

GAGE 812 
IRP 

MICRO 

STRAIN 

o 

<6 

00 

o 

d 

00 

o 

CO 

90.0 

p 

d 

o m | 

o 
o 
^ t 
CM 

243.0 

o 

(0 

CM 

64.0 

p 

in 

93.0 

o 

d 

CO 

p 

d 

CO 

79.0 

88.0 

111.0 

155.0 

114.0 

006 

86.0 

p 

CO 

72.0 

0’69 

67.0 

67.0 

50.0 

52.0 

64.0 

0*59 

GAGE 81 
IRP 

MICRO 

STRAIN 

o 

00 

80.0 

p 

© 

CO 

© 

CO 

CO 

143.0 

206.0 

225.0 

© 

o* 

in 

CM 

255.0 

83.0 

83.0 

89.0 

91.0 

82.0 

92.0 

93.0 

114.0 

155.0 

126.0 

p 

Tf 

© 

87.0 

82.0 

75.0 

69.0 

o 

in 

10 

0*S9 

55.0 

65.0 

72.0 

78.0 

GAGE 89 
IRP 

MICRO 

STRAIN 

88.0 

© 

CO 

p 

CO 

o 

CD 

CO 

132.0 

196.0 

212.0 

226.0 

241.0 

74.0 

p 

CO* 

CO 

© 

00 

CO 

86.0 

© 

CO 

91.0 

95.0 

121.0 

164.0 

123.0 

98.0 

93.0 

o 

00 

77.0 

73.0 

72.0 

71.0 

© 

© 

75.0 

82.0 

85.0 

GAGE 76 
IRP 

MICRO 

STRAIN 

68.0 

p 

<0 

to 

© 

<o 

70.0 

83.0 

153.0 

185.0 

p 

CM 

CM 

o 

!"- 

CO 

CM 

46.0 

51.0 

47.0 

47.0 

48.0 

© 

o 

in 

52.0 

56.0 

58.0 

59.0 

62.0 

69.0 

71.0 

© 

to 

to 

63.0 

64.0 

0’S9 

37.0 

39.0 

40.0 

43.0 

GAGE 24 
IRP 

MICRO 

STRAIN 

134.0 

136.0 

135.0 

137.0 

p 

04 

677.0 

p 

04 

r- 

in 

627.0 

907.0 

o 

00* 

CTJ 

O’BS 

78.0 

o 

© 

r- 

72.0 

78.0 

o 

00 

OO 

113.0 

162.0 

141.0 

136.0 

137.0 

148.0 

148.0 

137.0 

137.0 

136.0 

51.0 

p 

to 

in 

60.0 

60.0 

GAGE 73 
IRP 

MICRO 

STRAIN 

© 

o 

▼— 

1 1370 

133.0 

o 

in 

CO 

342.0 

926.0 

0 

01 
o 

N- 

663.0 

891.0 

-■ ' 

110.0 

89.0 

o 

d 

T“ 

© 

o 

0 

01 
«o 

136.0 

139.0 

164.0 

© 

d 

CM 

CM 

187.0 

o 

CO 

T— 

p 

CM 

r- 

r— 

162.0 

146.0 

138,0 

139.0 

142.0 

p 

CO 

r- 

83.0 

92.0 

92.0 

RUN NO, 

34 

35 

to 

CO 

37 

40 

5 

42 

CO 

44 

45 

46 

47 

CO 

49 

OS 

in 

52 

53 

54 

55 

to 

in 

57 

58 

59 

09 

<o 

65 

99 

67 

89 
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GAGE 813 
IRP 

MICRO 

STRAIN 

267.0 

o 

cm 

o> 

CM 

159.0 

213.0 

o 

CO 

CM 

328.0 

484.0 

484.0 

437.0 

623.0 

192.0 

229.0 

256.0 

285 0 

354.0 

345.0 

p 

<d 

h- 

CO 

388.0 

394.0 

398.0 

440.0 

225.0 

p 

in 

CM 

O 

in 

00 

CM 

393.0 

419.0 

421.0 

O’SOS 

513.0 

471.0 

GAGE 812 
IRP 

MICRO 

STRAIN 

185.0 

O 

CO 

o> 

122.0 

142.0 

192.0 

192.0 

235.0 

o 

d 

in 

CM 

p 

oi 

in 

CM 

o 

o 

CO 

CM 

137,0 

154.0 

149.0 

o 

00 

<0 

o 

d 

o 

CM 

231.0 

215.0 

p 

CO 

CM 

236.0 

244.0 

o 

* 

<0 

CM 

149.0 

177.0 

176.0 

209.0 

o 

d 

Tt 

CM 

273.0 

o 

d 

CO 

CM 

274.0 

285.0 

GAGE 81 
IRP 

MICRO 

STRAIN 

186.0 

198.0 

127.0 

© 

in 

p 

cm 

o> 

201.0 

o 

o 

T- 

CM 

229.0 

258.0 

277.0 

148.0 

153.0 

p 

d 

<o 

179.0 

199.0 

246.0 

o 

CM 

O 

CO 

CM 

229.0 

249.0 

256.0 

p 

00 

T* 

T“ 

179.0 

© 

OO 

210.0 

O 

in 

CM 

p 

r*-’ 

CO 

CM 
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BLADE ANGLE: 32 
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BLADE ANGLE: 38.3 
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